Codon usage bias (CUB) is an important evolutionary feature in a genome which provides important information for studying organism evolution, gene function and exogenous gene expression. The CUB and its shaping factors in the nuclear genomes of four sequenced cotton species, G. arboreum (A 2 ), G. raimondii (D 5 ), G. hirsutum (AD 1 ) and G. barbadense (AD 2 ) were analyzed in the present study. The effective number of codons (ENC) analysis showed the CUB was weak in these four species and the four subgenomes of the two tetraploids. Codon composition analysis revealed these four species preferred to use pyrimidinerich codons more frequently than purine-rich codons. Correlation analysis indicated that the base content at the third position of codons affect the degree of codon preference. PR2-bias plot and ENC-plot analyses revealed that the CUB patterns in these genomes and subgenomes were influenced by combined effects of translational selection, directional mutation and other factors. The translational selection (P2) analysis results, together with the non-significant correlation between GC12 and GC3, further revealed that translational selection played the dominant role over mutation pressure in the codon usage bias. Through relative synonymous codon usage (RSCU) analysis, we detected 25 high frequency codons preferred to end with T or A, and 31 low frequency codons inclined to end with C or G in these four species and four subgenomes. Finally, 19 to 26 optimal codons with 19 common ones were determined for each species and subgenomes, which preferred to end with A or T. We concluded that the codon usage bias was weak and the translation selection was the main shaping factor in nuclear genes of these four cotton genomes and four subgenomes.
Introduction
Genetic information is transmitted from DNA to mRNA, then from mRNA to protein. In the latter process, information is transmitted in the form of codons. Codon is an important link in the output of nucleic acid information. Genetic code has degenerate feature that a single amino acid, except methionine (Met) and tryptophan (Trp), is encoded by more than one 
Statistical analyses
Codon usage bias indices. The nuclear genome CDSs of each cotton species were firstly analyzed as a whole to clarify the codon usage features. Methionine (Met) and tryptophan (Trp), each having a single codon, were excluded from further analysis. Stop codons (UAG, UAA, and UGA) were also excluded from the analysis because each stop codon can only occur once in a single CDS sequence.
Using CodonW 1.4.2 software (http://codonw.sourceforge.net/), a number of indices of codon usage bias including the relative synonymous codon usage (RSCU), effective number of codons (ENC), and the frequency of the nucleotides G+C at the third position (GC3s) were calculated. Several codon composition indices including GC contents of the entire gene (GC), the content or frequency of each individual base A, T, G, and C at the third position of codons (A3s, T3s, G3s, C3s) were also counted. The G+C content at the first, second positions of codons (GC1, GC2) and the average GC content of the first and second positions (GC12) were determined by the online Cusp program from Galaxy (https://usegalaxy.org/). The correlations between nucleotide contents were calculated with the statistical software SPSS V21.0 (http:// www.spss.com.cn/).
Multiple comparisons. Multiple comparisons can be used to infer any significant differences between the effects of the factors. Then the T3s, G3s, GC and ENC of each gene were calculated by CodonW 1.4.2. The average value of all the genes was expressed in T3s(av), G3s(av), GC(av) and ENC(av), and multiple comparisons across the cotton species and subgenomes were made by SPSS V21.0. The box and whisker plots were drawn through OmicShare (www. omicshare.com/tools).
PR2-bias plot. Parity Rule 2 (PR2) is a rule of DNA composition. When there is no deviation between mutation and selection pressure of two DNA chains, the fractional content of the four bases follows A = T and G = C (where A + T + G + C = 1) [40] . PR2-bias plots are particularly informative when PR2 biases at the third codon position are plotted. The center of the plot, where both coordinates are 0.5, is the place where A = T and G = C (PR2). The degree of deviation from PR2 allows us to estimate the chain bias affected by mutation, selection, or both [41] . If genes are evenly distributed across the plan view, that is, if the codon usage frequency of A + T is the same as that of G + C at the third position, then the codon usage preference is likely to be entirely caused by mutation [40] . The A3s/(A3s+T3s) and G3s/(G3s+C3s) of each gene were calculated and used as the ordinate and the abscissa to show the relationship between the two base contents of genes, namely purine (A and G) and pyrimidine (T and C) at the third codon position. The PR2-plots were drawn by Matlab R2016a (https://www. mathworks.com/). 
ENC-plot (ENC versus GC3s
). The effective codon number (ENC) determines the degree of preference for the unbalanced use of codons. ENC value ranges from 20 (only one codon is used for each amino acid) to 61 (when all synonymous codons are used for each amino acid) and is negatively correlated with codon usage bias. The codon usage pattern across genes was examined by the ENC-plot drawn by Matlab R2016a, which is a plot of ENC versus GC3s. ENC-plot is one of the most widely used measures for judging whether or not organism codon usage is biased through exploring the use of codon bias, and detecting the effect of base content on CUB [36] . The expected ENC values from GC3s (denoted by 'S') were calculated according to the equation given by Wright [42] and Novembre [43] :
The genes would be distributed along the standard curve or near the standard curve when codon bias is only affected by mutation, while they would fall below the standard curve if codon bias is influenced by selection and other factors.
Translational selection (P2). The translation option (P2) measures the efficiency of codon-anticodon interactions and provides an indication of translation efficiency as long as information for preferred codon sets is not available. The results of PR2-bias plot can reflect the relationship between purine (A and G) and pyrimidine (T and C) in codon composition. P2 value > 0.5 shows preference for translational selection.
P2 was calculated according to the following equation, where W = A or U, S = C or G, and Y = C or U [2, [44] [45] [46] :
Determination of putative optimal codons. Optimal codon is the preferred codon, which is determined by calculation and sequencing of the ENC values of all genes. Generally speaking, highly expressed genes have a large degree of codon preference and therefore a small ENC value. Low expression genes contain more rare codons and have a larger ENC value. Therefore, the relative level of gene expression is currently generally determined by comparing ENCs. The smaller the ENC value is, the higher the corresponding gene is often expressed. 5% of the sequence data were taken from the upper and lower limit regions of the ordered data set, to establish two high-and low-bias gene datasets. To define optimal codons, we used a Ttest to examine the significance of codon usage difference between the two datasets [47] . The RSCU values of the codons from the two databases were compared. If the difference (ΔRSCU) is equal to or greater than 0.08, and codons with a frequency of usage that was significantly higher (P < 0.01) in high-bias genes than that in genes with low bias were defined as the optimal codons [22, 48] . SPSS V21.0 was implemented for statistical analysis.
RSCU-based cluster analysis. The RSCU value is the ratio between the actual observed values of the codon and the theoretical expectations. It reflects the relative usage preference for the specific composition of codons encoding the same amino acid [49] . If RSCU = 1, codon usage is unbiased; if RSCU > 1, specific codon frequency is higher than other synonymous codons, otherwise, the frequency is low [49] .
In the cluster analysis, 4 cotton species and 4 At-and Dt-subgenomes were clustered according to their RSCU values using the Hierarchical Cluster Analysis (HCA) tool from OmicShare. In the clustering process, each cotton species was used as an object, and the relative use of codon was taken as variable.
Results and discussion

Codon base composition and multiple comparisons
Firstly, several codon usage parameters were calculated for each cotton species and subgenome taking all their CDSs as a whole and shown in Table 2 and Fig 1. From Table 2 and Fig 1, we can see little difference among all genomes and subgeomes studied except for G. raimondii, suggesting there are similar codon base compositions at genome and subgenome level. Briefly, the base composition at the third codon position conforms to T > A > G > C. Both the GC3s and GC content were less than 0.5, illustrating that these four cotton species tend to use pyrimidine-rich codons more frequently than purine-rich codons. In G. raimondii, the T3s was even greater than GC content. The average GC contents are higher than GC3 S . Such codon base composition preference was also previously reported in upland cotton chloroplast genes whose GC3s (27.38%) and GC (37.89%) were even lower [36] . Totally, these results were consistent with the lower nuclear GC contents in such cotton species [50] [51] [52] [53] . The effective codon number (ENC) values revealed the degree of CUB. ENC is negatively correlated with CUB. According to previous studies [19, 42, 54] , ENC values less than 35 mean high codon preference and ENC values more than 50 reveal general random codon usage. Herein, the average ENC values ranged from 53.39 in G. raimondii to 54.41 in At 2 subgenome ( Table 2 ). The distribution of ENC values of the total genes in each genome or subgenome ( Fig  2) revealed that less than 0.5%, and more than 70% of genes had low (< 35) and high (> 50) ENC values respectively in all genomes and subgenomes, indicating weak codon usage bias.
In order to further explore their differences in codon base compositions among these genomes and subgenomes, several indices were selected and calculated for each gene, and distribution analysis (Fig 2) and multiple comparisons (Table 3) were performed. In Fig 2, we got roughly similar distribution patterns of the four SCUB indices among the genomes and subgenomes. A majority of genes distributed relatively concentrated, close to the mean value, and there were some genes with extreme values distributed far away from the mean values of T3s, GC, GC3s, and ENC in two directions. However, many significant differences were detected by multiple comparisons ( Table 3) . The four species genomes showed significant differences in T3s (av) , G3s (av) and ENC (av) . As for GC (av) , significant differences were found between G. raimondii and other three species, between G. arboreum and G. barbadense, while no significant difference was detected between the two tetraploids, and between G. aboreum and G. hirsutum.
Comparisons were also performed between At or Dt subgenomes and their putative progenitor genome respectively. For T3s (av) , significant differences were detected among the two At subgenomes and G. arboreum (A 2 ), but not among the two Dt subgenomes and G. raimondii (D 5 ). With respect to G3s (av) , significant differences were detected among the two Dt subgenomes and G. raimondii (D 5 ), but not among the two At subgenomes and G. arboreum (A 2 ). As for gene average GC content GC (av) , the putative donor genome of G. arboreum (A 2 ) had significant lower value than At 1 and At 2 subgenomes, while G. raimondii (D 5 ) had significant higher value than Dt 1 and Dt 2 subgenomes. No significant differences were found between At and Dt subgenomes either in G. hirsutum or G. barbadense. For ENC (av) , significant differences were detected among the two At subgenomes and G. arboreum (A 2 ), and between G. raimondii and Dt 1 , but not between Dt 1 and Dt 2 .
We also compared the At and Dt subenomes in the same genome of the two tetraploids. In G. hirsutum, significant difference was detected only in GC (av) between At 1 and Dt 1 subgenomes. Conversely, significant differences were not detected only in GC (av) between At 2 and Dt 2 subgenomes.
Totally, these four cotton species and the four subgenomes exhibited weak codon usage bias to use pyrimidine-rich codons more frequently than purine-rich codons and there are significant difference in codon base composition and codon usage preference.
Correlation analysis between codon usage bias indices
Studies have shown that the higher the gene expression level is, the stronger is the preferred use of codon [1] [2] [3] 6, 15, 16, 49, [55] [56] [57] [58] [59] [60] . In our study, the codon usage bias results of all cotton species were shown in S1 Table. The correlation between the parameters of 4 cotton species and 4 subgenomes had the same rule, except the correlation between G3s and C3s. There was a negative correlation between G3s and C3s among G. arboreum, G. barbadense, At 2 and Dt 2 subgenomes; and a positive correlation among G. raimondii, G. hirsutum, At 1 and Dt 1 subgenomes. The results indicated that there was significant negative correlation between the ENC value and T3s, meanwhile, the ENC value was positively correlated with G3s, C3s and GC3s (P <0.01); in addition, T3s had positive correlation with A3s, and negative correlation with G3s, C3s and GC3s. These correlation results indicated that the base content at the third position of the synonymous codons directly affects the degree of codon usage preference. It could be concluded that genes with stronger codon usage bias (with lower ENC value) would have lower G3s, C3s and higher T3s values. These results indicated that the genes of these species and subgenomes preferred to use high expression codons ending with pyrimidines (T/A).
GC12 represents the average GC content of the first and second positions of the codons. A significant correlation between GC12 and GC3 values means that mutational stress is superior to translation selection in the formation of codon usage bias while non-significant correlation between them reveal that translation selection plays dominant role in codon usage preference [55, [61] [62] [63] . In our study, firstly we took the nuclear genome CDSs of each cotton species and subgenome as a whole and calculated one GC12/GC3 value per cotton species to analyze the correlation coefficients between GC12 and GC3 in 4 cotton species and 4 subgenomes. From the results in Table 4 , there was no significant correlation between GC12 and GC3, implying that codon usage bias was influenced primarily by translation selection in these 4 cotton species and 4 subgenomes.
PR2-bias plot analysis
The PR2-bias plots of the four cotton species and four subgenomes were shown in Fig 3. From  Fig 3, it can be seen that along the ordinate, all species genomes and subgenomes presented similar distribution that a majority of genes distributed on the lower left area or the lower right area. However, along the abscissa, there were two types of distributions. A slightly more number of genes of G. arboreum, G. barbadense and its two subgenomes distributed on the G > C side than the G < C side while nearly equal amount of genes of G. raimondii, G. hirsutum and its two subgenomes distributed on both sides. These results revealed a codon usage imbalance between A + T and G + C at the third base position and indicated that not only the mutation, but also the selection and other factors determined the codon usage patterns in these four cotton species and four subgenomes, and the degree of the third codon position preferences in G. arboreum and G. barbadense are slightly different from G. raimondii and G. hirsutum. And this was similar to the codon usage bias in chloroplast genome of G. hirsutum that SCUB was formed under effect of both mutation and selection [36] .
ENC and GC3s scatter plot (ENC-plot)
Since ENC is constrained by G+C content of the gene, it is often plotted against GC3s of the gene to investigate patterns of codon usage [42, 64] . The ENC-plot of CDSs of four cotton species was presented in Fig 4. The solid curve represented the expected position of CDSs whose codon usage was only shaped by the GC3s. Similar ENC-plots are found among all the four cotton species genomes and the four subgenomes of the two tetraploid species (Fig 4) . CDSs appeared to cluster around the expected ENC of 30-60. Although a small number of genes distributed in the vicinity of the expected curve, indicated that compositional constraint was the only determinant factor shaping the codon usage pattern. A majority of genes with low ENC values deviated well below the expected curve, indicating that GC3s value was a major determinant of codon usage bias and that other factors independent of nucleotide composition shaped codon usage as well [65] . Consequently, the codon usage pattern of genes in the four cotton genomes and the four subgenomes might be shaped by the combined effects of directional mutation and neutral selection.
RSCU values analysis and determination of putative optimal codons
The RSCU values of CDSs in 4 cotton species and 4 subgenomes were calculated and shown in S2 Table. The RSCU values of 25 codons were greater than 1 and 31 codons were smaller than 1 in all the cotton species, except AAG (Gly), GUG (Gly), and AAA (Lys). Among them, AAG is a low frequency codon in G. raimondii, on the contrary, it appeared with high frequency or no preference in other cotton species. In addition, these high frequency codons mostly ended with T (15 of 25) or A (8 of 25) (except UUG and AGG). At the same time, most of the low frequency codons ended with C (16 of 31) or G (9 of 31). The above results showed that the RSCU values and such preference of all codons maintained a high degree of unity among all the cotton species.
By comparing the RSCU values from two bias libraries of each cotton species, 19 to 26 optimal codons were determined for each cotton species (Table 5) , 15 of them ending with T, 9 ending with A, 2 ending with G. However, although most optimal codons ended in either T or A, codons with T at the third position were detected more frequently. There were 19 common optimal codons in these four cotton species.
Compared with the chloroplast genome in G. hirsutum [36] , the optimal codons of the host nuclear genome in the present study were quite different. The number of optimal codons detected in chloroplast genome [36] and nuclear genome in G. hirsutum herein were 23 and 26 respectively, with 12 shared optimal codons (UUG, AUU, UCU, ACU, GCU, CAA, UGU, AGA, GGU, UUA, CCU and GAA). Most of the rest 11 optimal codons specifically determined in chloroplast genome ended with C (7 of 11) while most of the rest 14 optimal codons specifically determined in nuclear genome end with U (8 of 14).
Analysis of translational selection (P2) and choice between pyrimidines in the third position of codon
Grosjean et al first noted in the MS2 phage genome that there was a bias in the choice between C and U bases in the third position of codon [44, 66] . They found that nucleotides at degenerate positions consistently produced moderate-strength codon-anticodon binding energy. If the first two bases of a codon are both A or U, the C at the third position will give a closer to average codon binding energy than U. Similarly, if the first two bases are either C or G, the third base of "right choice" is U because C gives a strong binding energy. Therefore, we can characterize the translational efficiency of a gene by the frequency of "correct selection", called P2 index, between the pyrimidines in codons starting with AA, AU, UA, UU, CC, CG, GC or GG.
First, the values of WWC, SSC, WWU and SSU were calculated according to the RSCU values of the corresponding codons (Table 6 ). From Table 6 , it was seen that both SSU and WWU were higher than SSC and WWC in all species and subgenomes, especially in G. raimondii with the largest SSU and WWU and the lowest SSC and WWC. That is, the choice between two pyrimidines (U and C) in the third position of codon tends to U. Then the P2 index of species and subgenomes was calculated (Table 6 ). All species and subgenomes had P2 values more than 0.5, which revealed that translational selection played the dominant role over mutation pressure in the codons' usage. 
RSCU-based cluster analysis
The results of RSCU-based cluster analysis were shown in Fig 5. In Fig 5, and the D 5 genome (G. raimondii) were grouped into different clusters, so as to the two At subgenomes and the A 2 genome (G. arboreum). These results are quite inconsistent with the widely accepted taxonomic and phylogenetic relationship of these four cotton species [24, 26, 28, [67] [68] [69] [70] . The allopolyploid cotton species may have appeared through hybridization and subsequent polyploidization events between the A-and D-subgenome progenitors. The D-genome species G. raimondii (D 5 ) and the A-genome species much like modern G. arboreum (A 2 ) and G. herbaceum (A 1 ) have been supported by molecular methods and other evidence [28, 68, [71] [72] to be the donor species for the Dt and At subgenome of the tetraploid cotton species, respectively. The monophyly of polyploid Gossypium species was also studied through cluster analysis based on sequences of a 2.8-kb intergenic region from all diploid species belonging to the genome groups from which the polyploid originates [28] , in which all the Dt subgenomes and D 5 genome were grouped into one cluster, and all the At subgenomes and the A 1 and A 2 genomes were grouped into another cluster. The results of the present study indicated that the evolutionary relationship among these four cotton species could not be well reflected by RSCU-based cluster analysis.
Conclusions
In the present study, codon usage bias patterns and the shaping factors in the four sequenced cotton genomes of G. arboreum (A 2 ), G. raimondii (D 5 ), G. hirsutum (AD 1 ) and G. barbadense (AD 2 ), and the four subgenomes (At 1 , Dt 1 , At 2 , and Dt 2 ) of these two tetraploids were addressed and compared. All these genomes and subgenomes exhibited similar weaker codon usage bias revealed by the results of less (< 0.5%) genes with low (< 35) ENC and more genes (> 70%) with high ENC. Codon composition analysis revealed these species and subgenomes had low GC and GC3, tended to use pyrimidine-rich codons more frequently than purine-rich codons at the third positions of codons and follow the T > A > G > C trend, although there was significant difference in codon composition and codon usage preference among them. Correlation analysis indicated that the base content at the third position of codons affected the degree of codon preference. PR2-bias plot and ENC-plot revealed that not only translation selection but also directional mutation and other factors shaped the CUB. The P2 analysis results, with the non-significant correlation between GC12 and GC3, further revealed that translation selection was the main factor influencing the CUB pattern herein. Through RSCU analysis, 25 high frequency codons preferentially ended with T or A, and 31 low frequency codons preferentially ended with C or G common in these genomes and subgenomes were determined. And 19 to 26 optimal codons were determined, including 19 common ones, for each species and subgenome. The optimal codons preferred to end with A or T. Finally, we concluded that these four cotton genomes had weak CUB, translation selection played dominant role over mutation pressure in codon usage preference in these four cotton species, and At and Dt subgenomes had similar codon usage patterns with their A-and D-genome progenitors.
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